Abacavir (formerly 1592U89) is a potent 2-deoxyguanosine analog reverse transcriptase inhibitor that has been demonstrated to have a favorable safety profile in initial clinical trials with adults with human immunodeficiency virus (HIV) type 1 infection. A phase I study was conducted to evaluate the pharmacokinetics and safety of abacavir following the administration of two single oral doses (4 and 8 mg/kg of body weight) to 22 HIV-infected children ages 3 months to 13 years. Plasma was collected for analysis at predose and at 0.5, 1, 1.5, 2, 2.5, 3, 5, and 8 h after the administration of each dose. Plasma abacavir concentrations were determined by high-performance liquid chromatography, and data were analyzed by noncompartmental methods. Abacavir was well tolerated by all subjects. The single abacavir-related adverse event was rash, which occurred in 2 of 22 subjects. After administration of the oral solution, abacavir was rapidly absorbed, with the time to the peak concentration in plasma occurring within 1.5 h postdosing. Pharmacokinetic parameter estimates were comparable among the different age groups for each dose level. The mean maximum concentration in plasma (C max ) and the mean area under the curve from time zero to infinity (AUC 0-ؕ ) increased by 16 and 45% more than predicted, respectively, as the abacavir dose was doubled from 4 to 8 mg/kg (C max increased from 1.69 to 3.94 g/ml, and AUC 0-ؕ increased from 2.82 to 8.09 g ⅐ h/ml). Abacavir was rapidly eliminated, with a mean elimination half-life of 0.98 to 1.13 h. The mean apparent clearance from plasma decreased from 27.35 to 18.88 ml/min/kg as the dose increased. Neither body surface area nor creatinine clearance were correlated with pharmacokinetic estimates at either dose. The extent of exposure to abacavir appears to be slightly lower in children than in adults, with the comparable unit doses being based on body weight. In conclusion, this study showed that abacavir is safe and well tolerated in children when it is administered as a single oral dose of 4 or 8 mg/kg.
The predominant mode of pediatric human immunodeficiency virus (HIV) type 1 (HIV-1) infection is by the vertical transmission of HIV-1 from infected mothers to their infants (18) . The Centers for Disease Control and Prevention (CDC) has estimated that 6,000 to 7,000 children have been born annually to HIV-1-infected women since 1978 (10, 19) . The rapid evaluation of novel antiretroviral therapies alone and in combination with more established therapies with pediatric populations is therefore critical.
Currently, five antiretroviral agents are approved for use in children. Four of the agents are nucleoside analogs that act as competitive inhibitors or chain terminators of the reverse transcriptase enzyme of HIV-1 and include zidovudine, stavudine, and didanosine. The remaining agent, ritonavir, is an inhibitor of HIV-1 protease. Several of the currently available antiretroviral therapies have a limited duration of efficacy due to toxicities or the emergence of viral resistance.
The potent and selective anti-HIV activity of abacavir (formerly 1592U89), (Ϫ)-(1S,4R)-4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-cyclopentene-1-methanol, a nucleoside analog, has recently been described (7, 9, 11-14, 21, 22) and is summarized in the accompanying report of a single-dose study with adults (16) . The pharmacokinetics of escalating single oral doses of abacavir in adults have been evaluated for the companion report (16) . Abacavir is rapidly and well absorbed over the range of doses studied (100 to 1,200 mg), with the time to the peak concentration in plasma occurring at 1 to 1.7 h postdosing. All doses resulted in plasma abacavir concentrations that exceeded the mean 50% inhibitory concentration (IC 50 ) of abacavir for clinical HIV isolates in vitro. Abacavir was well tolerated, with no treatment-limiting toxicities reported. On the basis of the favorable data, this single-dose phase I study (Glaxo Wellcome protocol CNAA1001) was initiated with children to examine the pharmacokinetics and safety of abacavir.
(This work was presented in part at the 3rd Conference on Retroviruses and Opportunistic Infections, Alexandria, Va., 1996 [14] .)
MATERIALS AND METHODS

Study population.
Subjects between the ages of 3 months and 13 years and with HIV infection were eligible for the study. The study was approved by the institutional review board of each participating institution. Written informed consent was obtained from each child's parent or legal guardian. Subjects were eligible for the study if they had HIV infection defined as positive results on two separate determinations (excluding a determination with cord blood) by one or more HIV detection tests (HIV culture, HIV PCR, or HIV p24 antigen) and met the criteria for an AIDS diagnosis based on the 1994 CDC AIDS surveillance case definition (5) . Subjects who were 18 months of age or older were also eligible for the study if they tested positive for antibody to HIV-1.
Subjects were required to be clinically stable and to be free of active opportunistic infections. All subjects were required to have clinical laboratory values that were normal for their ages or that deviated from normal by no more than the values for grade 1 of the AIDS Clinical Trials Group adverse event grading table. These assessments included routine hematologic analysis (complete blood count with differential, mean corpuscular volume, and platelet count), serum chemistry analysis (electrolyte, aspartate aminotransferase, alanine aminotransferase, total bilirubin, creatinine, albumin, glucose, alkaline phosphatase, and serum amylase, cholesterol, and triglyceride levels), and urinalysis (dipstick for protein and blood).
Subjects were excluded from the study if their concomitant medications included those that could potentially interfere with the absorption or elimination of abacavir (such as rifampin and probenecid), other antiretroviral agents, other investigational agents, glucocorticoids, and those that are used for prophylaxis against Pneumocystis carinii pneumonia and that could not be temporarily discontinued during the dosing phase of the study (such as co-trimoxazole, dapsone, and atovaquone). Subjects were also excluded from the study if they were pregnant (females of childbearing potential) or had clinical evidence of disease progression, including a body weight of less than 5 kg, wasting or failure to thrive (as defined in the CDC guidelines [5] ), and progressive encephalopathy. All prescription and over-the-counter medications were withheld for 48 h prior to dosing and for 24 h after dosing.
Study design. To ensure an adequate distribution for pharmacokinetic analysis of both doses, at least six subjects were enrolled in each of the following cohorts, by age: 3 to 5 months, 6 to 23 months, 2 to 5 years, and 6 to 13 years. Subjects received single oral doses of 4 mg of abacavir solution per kg of body weight, followed by a second single dose of 8 mg/kg after at least a 14-day washout period. Those in the older-age cohorts received both doses of abacavir and completed the study before the youngest-age cohort (3 to 5 months) was enrolled. The doses selected for use in the current study were based on results from an escalating, single-oral-dose study of abacavir with HIV-infected adults (16) . To ensure comparable exposures to abacavir, doses of 4 and 8 mg/kg (approximately equivalent to unit doses of 300 and 600 mg for adults, respectively) were evaluated and predicted to produce total drug concentrations in plasma greater than the mean in vitro IC 50 of abacavir for clinical isolates of HIV-1 for approximately 3.5 to 4.5 h.
Abacavir was supplied as the lyophilized succinate salt containing 300 mg of free base equivalent and was reconstituted with 50 ml of sterile distilled water to a concentration of 6 mg/ml. The drug was administered via a 10-ml Exacta-Med Dispenser, provided by Glaxo Wellcome Inc., for volumes of less than 10 ml. The same dispenser was used to measure aliquots, which were combined in a dosing cup for dosing volumes of greater than 10 ml. Each dose was followed immediately by a minimum amount of water, given as follows: 1 oz (for subjects ages 3 to 5 months), 2 oz (for subjects ages 6 to 23 months), and 3 oz (for subjects ages 2 to 13 years).
Within 7 days of administration of the first dose, the subjects underwent a screening evaluation, including a medical history, physical examination, and measurement of clinical and laboratory parameters. All drugs were discontinued at least 48 h before dosing with abacavir and were not reinstituted until 24 h after the administration of each dose. The subjects fasted for at least 2 h before dosing and for 1 h after dosing. The subjects returned to the study site at least 14 days later to begin the next dosing period. At 10 to 14 days after completion of the last dosing period, subjects returned for a follow-up examination similar to that used for the screening evaluation.
Clinical and laboratory monitoring. The safety and tolerability of abacavir were evaluated on the basis of adverse experience reports, measurements of vital signs and clinical laboratory test values, and the results of physical examinations. In each dosing period, the severity (mild, moderate, or severe), duration, and potential relationship to abacavir (unrelated or possibly, probably, or almost certainly related, according to the investigator) of any adverse events were recorded. Medical histories were obtained and complete physical examinations were performed at all visits. Vital sign determinations (sitting blood pressure and sitting pulse), electrocardiogram (ECG) studies, routine hematologic studies, serum chemistry studies, and urinalysis (dipstick for protein and blood) were performed at screening, at 48 h postdosing in each dosing period, and at each follow-up visit (10 to 14 days postdosing).
Blood sampling and analytical methods. Blood samples (1.5 ml each) were collected by venipuncture and placed in a powdered EDTA-containing pediatric tube immediately before dosing and at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 5.0, and 8.0 h postdosing. Blood samples were kept at 4°C upon collection and were centrifuged within 1 h of collection to separate the plasma, which was stored at Ϫ40°C until it was analyzed. The stability of abacavir in plasma samples has been validated at Ϫ40°C for 11 months, which covered the period from the time of sample collection to the time of analysis of the plasma samples.
Plasma abacavir concentrations were determined by a validated reversedphase high-performance liquid chromatography (HPLC) assay with UV detection. Briefly, analytical stock standard and control solutions were prepared separately in HPLC-grade water. The appropriate volumes of the stock solutions were spiked into normal, blank, pooled human plasma to provide working standards or controls. The quantifiable range was 25 to 5,000 ng/ml, and the control concentrations were 40, 400, and 2,500 ng/ml. To 0.2 ml of standard, control, or unknown samples, 0.1 ml of 10% trichloroacetic acid was added, and the components were mixed by vortexing and were centrifuged at 8,800 ϫ g for 10 min. The supernatants were transferred into injection vials (containing limited volume inserts) and were placed in an autosampler. The supernatants (0.1 ml) were injected at 15-min intervals, and the chromatographic separation was achieved on a Rainin C 18 Microsorb MV column. The mobile phase consisted of 40% methanol and 0.3% triethylamine (vol/vol) (TEA) at a constant flow rate of 1.0 ml/min. Abacavir was detected by measuring the UV absorbance at 284 nm. The approximate retention time for abacavir was 9 min under these conditions. The interday precisions (percent coefficient of variation) calculated from the quality control samples was 9.1% at 0.04 g/ml, 4.7% at 0.40 g/ml, and 4.8% at 2.50 g/ml; and the interday variabilities (biases) were 5.5, 3.4, and 4.6%, respectively.
Pharmacokinetic analysis. The pharmacokinetic parameters for abacavir were determined by noncompartmental methods with the WinNonlin Noncompartmental Analysis Program (Scientific Consulting, Inc., Cary, N.C.). The peak concentration in plasma (C max ) and the time to C max (T max ) were obtained from direct inspection of the plasma concentration-time profile. Estimates for the apparent terminal elimination half-life (t 1/2␤ ) were calculated as ln(2)/ z , where z is the terminal elimination rate constant and is a first-order rate constant determined from the negative of the slope of the linear regression line of the apparent terminal linear portion of the log concentration-versus-time curve. The WinNonlin program selected at least three points for inclusion in the linear regression. These points were visually inspected, with no changes made to the selected points. The area under the curve from time zero to time t (AUC 0-t ), where t is the last time point with a measurable concentration of abacavir, was calculated by the linear trapezoidal method. The AUC from time zero to infinity (AUC 0-ϱ ) was then determined as AUC 0-t ϩ C last / z , where C last is the last measurable concentration. The apparent clearance from plasma (CL/F) was calculated as the dose divided by AUC 0-ϱ and was then normalized to body weight. The apparent volume of distribution (V/F) was calculated as the dose divided by the product of z and AUC 0-ϱ . Creatinine clearance was obtained as the product of 0.55 and the ratio of the subject's height to serum creatinine value (20) . Body surface area was calculated as the product of 9.8 and (body weight) 0.67 (8) .
Statistical analysis. Differences between treatments with respect to C max , AUC 0-ϱ , t 1/2␤ , z , CL/F, and V/F values were assessed by analysis of variance with PROC MIXED (or mixed effects linear models) from SAS (version 6.09). The model included age category as the fixed effect and subjects as the random effect. Analyses were performed for both log-transformed and untransformed data. Descriptive statistics, including geometric least-squares means and their 95% confidence intervals (CIs), were calculated for each treatment. Dose proportionality was determined by calculating the ratios of the geometric least-squares mean for the 8-mg/kg dose to the geometric least-squares mean for the 4-mg/kg dose and the resultant 90% CI of each parameter of interest. The 90% CI of the geometric least-squares ratios was used because this dose-proportionality comparison is essentially a bioequivalence comparison between the 4-and 8-mg/kg treatments in which the 90% CI is the standard for bioequivalence comparisons. Treatments were considered dose proportional if the resultant 90% CI for the ratios of the least-squares means of AUC 0-ϱ and C max contained 2.0. Treatments were considered similar if the 90% CIs for the ratios of the least-squares means of t 1/2␤ , z , CL/F, and V/F contained 1.0. Nonparametric methods were used to compute the 95% CI for the untransformed median T max values for each treatment. A 90% CI for the median T max difference between treatments was calculated, and the Wilcoxon signed rank test was used to compare differences between treatments. The Spearman test was used to determine the correlation between each log-transformed parameter (C max , AUC 0-ϱ , and z ) and each demographic variable (age, weight, creatinine clearance, and body surface area). A stepwise procedure with PROC REG from SAS was used to select demographic variables that can be good predictors of the pharmacokinetic parameters.
RESULTS
Subject demographics and accountability. Twenty-two subjects were actually enrolled in this study (Table 1) . Three subjects were enrolled in the youngest-age cohort (3 to 5 months). Subjects in all cohorts except the cohort of subjects ages 6 to 23 months received both doses of abacavir. In the cohort of subjects ages 6 to 23 months, five subjects received both doses of abacavir, one subject received the 4-mg/kg dose, and another subject received the 8-mg/kg dose.
The following subjects had exceptions to the screening criteria but were enrolled with the approval of the sponsor. One subject (subject 17) did not meet the minimum weight requirement of 5 kg because her screening weight at 6 months was 3.9 kg. Two subjects (subjects 15 and 20) stopped concomitant therapy 24 h rather than 48 h prior to study drug administration, and two subjects received a dose of diphenhydramine hydrochloride (Benadryl) on the study day for the treatment of a rash.
One subject (subject 16) with nonspecific abnormalities on screening ECG was enrolled, and subsequent ECGs were nor-mal. While most screening clinical laboratory and hematology values were within the normal range for age or deviated from the normal values by no more than the values for grade 1 of the AIDS Clinical Trials Group adverse event grading table, there were five exceptions to this general rule. At the screening evaluation two subjects (subjects 4 and 13) had elevated serum amylase levels of grade 3 (subsequent values were normal) and grade 2 (subsequent values were unchanged), respectively. At the screening evaluation subject 1 had a low blood glucose level that was grade 4 but that was thought to be due to incorrect handling. Subject 17 had a grade 2 elevation of the potassium level. Finally, one subject (subject 5) had a grade 2 reduced hemoglobin level at the screening evaluation.
Safety evaluation. Abacavir was well tolerated. There were no withdrawals due to adverse events. Two subjects experienced four adverse events while receiving the 4-mg/kg dose, and three subjects experienced four adverse events while receiving the 8-mg/kg dose. None of the adverse events were serious, and all were considered mild or moderate in intensity. Three subjects each experienced a single event of rash, and for two subjects (ages 5 and 13 years), the rash was attributed to the 8-mg/kg dose of abacavir. The rash resolved within 24 h after administration of diphenhydramine hydrochloride. For the third subject, the rash was diagnosed as candidiasis and was treated with topical antifungal agents.
No clinically significant changes in hematologic findings, clinical chemistry findings, vital signs, physical examination findings, or urinalysis parameters attributable to abacavir were noted during the study. Hematologic changes were noted in several subjects: three subjects (4 mg/kg) and two subjects (8 mg/kg) had decreased hemoglobin levels (grade 2), one subject (4 mg/kg) had a decreased neutrophil count (grade 3) which returned to normal at follow-up, and one subject (8 mg/kg) also had a decreased neutrophil count (grade 2). Clinical chemistry changes were noted in two subjects. One subject had elevated alkaline phosphatase and aspartate aminotransferase (grade 1) values after taking the 4-mg/kg dose, but the values had decreased at subsequent follow-up visits. Another subject with elevated baseline alkaline phosphatase values had normal values after taking the 4-mg/kg dose but had elevated values again after taking the 8-mg/kg dose.
Pharmacokinetic evaluation. The mean plasma abacavir concentration-versus-time profiles by age category for the 4-and 8-mg/kg doses are presented in Fig. 1A . Following oral administration, abacavir was rapidly absorbed, with measurable concentrations in plasma recorded at the first postdose sampling time (30 min). Mean concentration-time curves were generally similar within each dose group, with a single peak value observed at 0.5 or 1 h. The median plasma abacavir concentration with respect to the in vitro IC 50 for clinical HIV-1 isolates (0.07 g/ml) is also presented in Fig. 1B . For the 4-mg/kg dose, the median plasma abacavir concentration was greater than 0.07 g/ml from 0.5 h (first measurable concentration in plasma) to 3.0 h (last measurable concentration in plasma), or for a duration of at least 2.5 h. For the 8-mg/kg dose, the median plasma abacavir concentration was greater than 0.07 g/ml from 0.5 h (first measurable concentration in plasma) to 5.0 h (last measurable concentration in plasma), or for a duration of at least 4.5 h.
The pharmacokinetic parameter estimates for individual patients receiving both the 4-and 8-mg/kg doses are presented in Fig. 2 . The results indicate that subject 17 (age 6 months) exhibited pharmacokinetic values that were clearly distinct from those for the other patients. For each treatment, parameter values for subject 17 were higher than those for all other subjects for AUC 0-ϱ , C max , and t 1/2␤ , but CL/F values were lower. Both AUC 0-ϱ and C max values clearly increased with dose, but the trends for the other parameters were much less distinct.
The mean pharmacokinetic parameter estimates for the data presented in Fig. 2 (excluding the data for subject 17) are presented in Table 2 . The results indicate that intersubject variability was moderately high for both treatments (35 to 48% for the 4-mg/kg treatment and 21 to 37% for the 8-mg/kg treatment).
The 90% CIs for the geometric least-squares mean ratios of the log-transformed AUC 0-ϱ and C max values did not include the value 2, indicating that the pharmacokinetics of abacavir were not strictly proportional to the dose (Table 3) . A twofold increase in dose from 4 to 8 mg/kg resulted in a 2.90-fold increase in AUC 0-ϱ , and the AUC 0-ϱ value obtained with the 8-mg/kg dose (7.46 g ⅐ h/ml) exceeded the expected AUC 0-ϱ value obtained from the 4-mg/kg dose (2.57 ϫ 2 ϭ 5.14 g ⅐ h/ml) by 45%. Similarly, a twofold increase in dose from 4 to 8 mg/kg resulted in a 2.33-fold increase in C max , and the C max value obtained with the 8-mg/kg dose (3.68 g/ml) exceeded the expected C max value obtained from the 4-mg/kg dose (1.58 ϫ 2 ϭ 3.16 g/ml) by 16%. For T max , t 1/2␤ , CL/F, and z , the values were significantly different between treatments since their 90% CIs did not include 1.0. Of the untransformed parameters, neither C max nor AUC 0-ϱ was dose proportional, and the other parameters were significantly different between treatments.
Regression modeling. No significant correlations (P Ͼ 0.05) between the demographic parameters and C max , AUC 0-ϱ , or z , with or without data for subject 17, were detected for either dose. Stepwise regression analysis did not generate consistent associations between the demographic variables and the pharmacokinetic parameters, with or without data for subject 17, for each dose level.
DISCUSSION
This is the first study to evaluate the safety and pharmacokinetics of abacavir in HIV-infected children. The results in- 
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on July 6, 2017 by guest http://aac.asm.org/ dicate that abacavir is rapidly absorbed following the administration of single oral doses of 4 and 8 mg/kg. The pharmacokinetics of abacavir are not strictly dose proportional in the population studied, as indicated by the greater than predicted increases in C max (16%) and AUC 0-ϱ (45%) observed when the administered dose was doubled from 4 to 8 mg/kg. Our study did not identify a strongly predictable relationship between measures of growth and development and the pharmacokinetic estimates of abacavir by stepwise regression analysis.
Abacavir was well tolerated by HIV-infected children. A rash attributed to abacavir occurred in 2 of 22 children who received the 8-mg/kg dose. The favorable safety profile of abacavir is well supported by preclinical toxicology studies with animals (7, 12, 13) and by an initial dose-escalation study with adults (16) .
One child (subject 17) clearly presented values for all pharmacokinetic parameters that were very different from those for the other children in the study population. At the time of screening, this 6-month-old patient received a waiver of the These times are very similar to the T max range noted for adults (1.0 to 1.7 h) following the administration of abacavir as a tablet formulation, suggesting that absorption rates may be comparable between children and adults. The least-squares mean value of t 1/2␤ was approximately 21 to 33% shorter for children than for adults (0.93 or 1.11 versus 1.17 or 1.66 h), which represents an actual difference of 44 min between the lowest and highest values. The lower AUC 0-ϱ and the shorter t 1/2␤ were consistent with the more rapid apparent clearance from children than from adults (25.62 or 17.84 versus 12.55 or 10.14 ml/min/kg). These results suggest that children may need a higher dose of abacavir than adults on a milligram-per-kilogram basis in order to achieve the same exposure.
The differences in pharmacokinetics of abacavir between children and adults are consistent with the results reported in previous studies in which the pharmacokinetics of other reverse transcriptase inhibitors were evaluated in children with HIV infection. Balis et al. (3) reported that with the exception of oral bioavailability the pharmacokinetics of didanosine in children appeared to be comparable to those in adults. Oral bioavailability, however, was significantly lower in children (35 versus 19%) (3). Chadwick et al. (6) reported that the concentrations of zalcitabine in plasma were lower and that the t 1/2 was shorter in children than in adults given comparable doses. Kline et al. (15) indicated that higher doses (on a milligramper-kilogram basis) of stavudine than those administered to adults (0.5 or 1 mg/kg/day) were needed to achieve equivalent drug exposure in children (1 or 2 mg/kg/day) (15) . Similarly, Lewis et al. (17) reported that consistently lower concentrations of lamivudine in serum were recorded in children compared with those that were recorded in adults, suggesting the need for the administration of higher doses to children to achieve doses equivalent to those achieved in adults. In addition, the t 1/2 in serum tended to be shorter in children than in adults (1.7 versus 2.5 h). Studies have shown that the pharmacokinetics of zidovudine in children older than several months of age are similar to those in adults (1, 2) . However, different pharmacokinetics have been reported in infants under 2 weeks of age, including a longer t 1/2 in serum, greater bioavailability, and a lower rate of clearance (4) .
The median plasma abacavir concentration exceeded the IC 50 noted in studies of clinical isolates from zidovudine-naive patients with Ͻ300 CD4 ϩ cells/mm 3 for at least 2.5 and 4.5 h for the 4-and 8-mg/kg doses, respectively. These times are consistent with those obtained from a dose-ranging study of abacavir with adults (3.5 and 4.5 h for the 300-and 600-mg doses, respectively) (16) .
Because of the small number of patients enrolled in this study, no strongly predictive associations between demographic and pharmacokinetic parameters were noted. A large study that uses the population approach to data analysis is warranted to further evaluate the demographic parameters that are predictors of abacavir pharmacokinetics.
In summary, the results of this study confirm the desirable pharmacokinetic properties and the favorable safety profile of abacavir for use in the treatment of HIV-infected children. Studies are under way to evaluate the clinical efficacy of the 8-mg/kg dose of abacavir for the treatment of HIV-1 infection in pediatric patients. Use of this dose is supported by the pharmacokinetic observations in the present study.
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